• The cerebellar histaminergic system is involved in emotional memory consolidation.
Introduction
Histamine is a powerful stimulant of gastric acid secretion, immune modulation, bronchoconstriction, vasodilation, and neurotransmission [1] . Its effects are mediated by four subtypes of receptors: H 1 , H 2 , H 3 and H 4 [2] . H 1 and H 2 receptor-mediated processes are mostly excitatory, whereas H 3 receptors act as inhibitory autoreceptors that regulate the synthesis and release of histamine [1] . H 4 receptors are expressed primarily by cells of the immune system, and their action in the central nervous system has recently been described [3, 4] .
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thereby promoting an anxiety response [5] . Anxiety and fear are adaptive responses generated in anticipation or in the presence of threatening stimuli. Fear is generally triggered in a specific context, whereas anxiety can occur in the absence of danger [6] . Extreme variations and disturbances of the neural mechanisms underlying fear and anxiety can trigger persistent situational anxiety even after the withdrawal of the aversive stimulus, and can lead to psychological and behavioral problems in humans such as panic disorders, phobias, and post-traumatic stress disorders [7] [8] [9] . According to McNaughton and Corr [10] , fear reactions in response to immediate threat are processed by circuitry involving the periaqueductal gray, hypothalamus, and amygdala. In addition, Sacchetti et al., have implicated the cerebellar vermis in the formation of emotional memories [11] [12] [13] . The authors demonstrated that inactivation of the cerebellar vermis after the delivery of paired stimuli resulted in impaired memory consolidation [12] . According to the authors, the vermis participates in emotional memory independent of its role in motor or sensory processes, and could represent an interface between the sensory stimulus, the emotional state of the subject and the motor response [12, 13] et al. [14] suggest that in humans, motor control is primarily influenced by the anterior lobe of the cerebellum, whereas the posterior lobe is involved in cognition and the cerebellar vermis contributes to emotional processing.
In clinical practice, these findings help physicians to recognize, diagnose and treat conditions affecting the quality of life of patients with cerebellar ataxia, helping them to cope with the non-motor consequences of the disease. In addition, these studies help us to understand both the extended role of the cerebellum in the nervous system, such as the way in which cerebellar structure contributes to neuropsychiatric symptoms, even in the absence of ataxia [15] .
Although it is difficult to reproduce the symptoms of anxiety disorders observed in clinical practice, they can be inferred from the behavior of rats or mice [16] . The correspondence between animal models and clinical anxiety has been explored, primarily in pharmacological experiments [17] . However, traditional psychobiological models interfere with processes such as motor ability, motivation, perception of food and/or water deprivation, and learning and memory [18] . To avoid the use of aversive stimuli, anxiety models based on ethological behaviors such as the Elevated Plus Maze (EPM) have been developed [19] .
Recent results have traced the action of histamine to H 1 and H 2 receptors in the cerebellar vermis using two models of learning that implicate the neural circuits involved in different functions related to emotion [20] [21] [22] . The results of experiments using the Elevated Plus Maze suggest that histamine microinjection to the cerebellar vermis promotes an inhibitory dose-dependent effect on the consolidation of emotional memory in mice that is mediated by the H 1 receptor [20, 23] . Furthermore, an inhibitory avoidance model indicated that histamine microinjection into the cerebellar vermis nonlinearly facilitates the retention of inhibitory avoidance memory in mice via H 2 receptor activation, suggesting a different role for histamine in a learning model using punishment [21] .
These results indicate possible differences among models related to anxiety or fear. Lacerda [19] suggests that the EPM generates different types of fear and anxiety, resulting in varied interpretations of drug interactions; thus, the device was modified for the Elevated T-Maze (ETM). With the goal of evaluating both fear and anxiety in a single apparatus and under the same experimental conditions, Asth et al. [24] validated the use of the ETM for the simultaneous evaluation of memory and anxiety and found that it warrants further exploration as a potential model for behavioral studies.
Based on the assumption that conditioned fear is associated with generalized anxiety disorder (GAD)-anxiolytic drugs impair performance and unconditioned fear with panic disorder (PD), as evidenced by chronic treatment with antidepressants [25] -ETM has emerged as a way to assess both behaviors in the same apparatus [26] [27] [28] [29] . In this model, conditioned fear is represented by inhibitory avoidance; animal latency is measured in one of the open arms after placing the animal at the end of the enclosed arm, and unconditioned fear is represented by escape from the open arms to the enclosed arm [17] .
The protocol used in this study was adapted for mice from a publication by Teixeira et al. [17] and was found to exhibit no significant difference in performance between sessions under our experimental conditions. Thus, to elucidate the relationship between non-motor cerebellar functions and the neuronal histaminergic system, this study aimed to evaluate the behavior of mice subjected to ETM after histamine microinjection in the cerebellar vermis.
Materials and methods

Animals
Male Swiss mice (Federal University of São Carlos, UFSCar, SP, Brazil), weighing 25-35 g were maintained under a 12 h light cycle (lights on at 7:00 a.m.) in a controlled environment at a temperature of 23 ± 1 • C and humidity of 50 ± 5%. All mice were experimentally naive, and the experimental sessions were conducted during the light period of the cycle (8:00-12:00 h) to minimize the influence of the circadian rhythm on behavioral responses.
Drugs
Histamine dihydrochloride (HDC) doses of 2.72 nmol, 4.07 nmol, 6.8 nmol and 13.6 nmol were prepared in physiological saline. Saline solution was used as an experimental control. The doses were selected based on previous research [20] and were tested in a pilot study in our laboratory. The solutions were stored in tubes.
Surgery and microinjection
Mice were intraperitoneally anesthetized using a solution of ketamine hydrochloride (100 mg/kg) and xylazine (10 mg/kg), then were treated with local anesthesia (3% lidocaine with norepinephrine 1:50,000) and placed in a Stoelting stereotaxic instrument. A single 7-mm stainless steel guide cannula (25 gauge) was implanted in the cerebellar vermis according to the following coordinates from the mouse brain atlas [31] : 6.5 mm posterior to the Bregma, 0 mm lateral to the midline, and 2.0 mm ventral to the skull surface. The guide cannula was fixed to the skull using dental acrylic and jeweler's screws. A dummy cannula (33 gauge stainless steel wire) was inserted into the guide cannula to reduce the incidence of occlusion. Postoperative analgesia was provided for 3 days by adding acetaminophen (200 mg/ml) to the drinking water at a ratio of 0.2 ml acetaminophen to 250 ml water for a final concentration of 0.16 mg/ml.
Saline and drug solutions were infused into the cerebellar vermis using a microinjection unit (33 gauge cannula) that extended 2.0 mm beyond the tip of the guide cannula. The microinjection unit was attached to a 5-l Hamilton microsyringe via polyethylene tubing (PE-10), and an infusion pump was programmed to deliver a volume of 0.5 l over a period of 60 s [20] .
Apparatus 2.4.1. Elevated T-maze
The elevated T-maze was made of opaque gray acrylic, similar to the original model described by Viana et al. [27] . Consists of three arms of equal dimensions (30 × 5 cm) elevated 30 cm above the floor. One arm is enclosed by lateral walls (15 cm) and stands perpendicular to two opposite open arms. The ETM allows the evaluation of two different types of behavior: inhibitory avoidance (measured by initially positioning the animal at the end of the enclosed arm and determining the latency to reach one of the open arms) and escape (the latency between initial placement in the end of the open arms and reaching the enclosed arm). Because rodents have a natural aversion to unprotected and high environments, there is a preference for the enclosed arm. Inhibitory avoidance learning is measured by the increase in the time the mice take to exit the enclosed arm and the reduction of time it takes to leave the open arms during the trail assessment over three successive attempts at exposure [25] . The assessment of emotion memory consolidation was conducted through the time spend by the animal to exit the correspondent arm with the four paws, on day two.
Open field
The arena consists of a square wooden arena (52 × 52 cm) with opaque walls 27 cm high, and a floor divided in 25 equal quadrants (10 × 10 cm). After re-exposure to the ETM, the animal was positioned in the center of the arena and its locomotor activity was evaluated. Activity was assessed by the number of quadrants traversed (i.e., horizontal exploration) and the number of withdrawals (i.e., vertical exploration) over a 300 s period.
Procedure
The experimental protocol was based on a study performed by Teixeira et al. [17] that we adapted for mice and tested in pilot study in our laboratory. Five days after surgery, the animals were transported to the experimental room and left undisturbed for at least 30 min before testing to facilitate adaptation. To evaluate the effects of histamine on the consolidation of emotional memory in mice, the animals were exposed to the ETM labyrinth before the administration of drugs. Immediately after, they received an intracerebral (ic) microinjection in the cerebellar vermis of saline (SAL) or histamine (HA) in doses 2.72 nmol, 4.07 nmol, 6.8 nmol and 13.6 nmol/0.5 l. The animals were re-exposed to the ETM 24 h after the administration of drugs, and the following experiments were performed: Experiment 1-To evaluate the role of histamine in the escape response, the animal was placed at the end of the open arm and the output latency was calculated. This procedure was performed three times in succession on the first experimental day with 30-second intervals between trials. Immediately after final exposure to the labyrinth, the animals received a microinjection in accordance to their group: Saline (n = 11), HA 2.72 nmol (n = 10), HA 4.07 nmol (n = 10), HA 6.8 nmol (n = 11) or HA 13.6 nmol (n = 10) in the cerebellar vermis. Twenty-four hours after the first exposure to the maze, the animals were re-exposed to the open arm, and the latency for all four paws to leave was measured once.
After determining latency upon re-exposure, the locomotor activity of the mice was assessed using the Open Field test. During the test, the animals were allowed to freely explore the apparatus for 5 min. After the behavioral evaluation of each mouse, the apparatus was cleaned with a 5% ethanol solution.
Experiment 2-To evaluate the effect of histamine in inhibitory avoidance behavior in the ETM, the animals were exposed to the apparatus three times at 30 s intervals. The end of the enclosed arm and its output latency was measured. Immediately after final exposure to the labyrinth, the animals received a microinjection of saline (n = 12) or HA [2.72 nmol (n = 12), 4.07 nmol (n = 12), 6.8 nmol (n = 12) and 13.6 nmol (n = 11)] in the cerebellar vermis. The animals were re-exposed to the maze after 24 h following the procedures of Experiment 1. The increase in enclosed arm exit latency upon re-exposure compared to the first day was used as a measure of memory consolidation.
Histology
At the end of the experiment, all animals received an infusion of 0.1 l 1% methylene blue in accordance with the drug infusion procedure described above. After receiving a high dose of sodium pentobarbital anesthesia, the animals were decapitated and their brains removed and fixed in containers containing a formalin solution (10%). The brains were sectioned coronally (80 m) along the path of the cannula using a cryostat microtome (ANCAP cryostat 300). The sections were inspected under a microscope (Olympus B202), and the site of the injection was determined by methylene blue dispersion according to Paxinos and Franklin coordinates [30] . Data resulting from injection sites outside the cerebellar vermis were excluded. The size of the final sample of each cohort ranged between 6-13. Histological analysis confirmed that a total of 111 mice exhibited accurate positioning of the cannula, particularly at coordinates 6.24 and 6:36.
Statistical analysis
All results were initially converted to Log10 and subjected to Levene's test to verify homogeneity. The data were then analyzed using two-way analysis of variance (ANOVA). When differences were indicated by significant F values, they were identified by Duncan's multiple range tests. A p value of ≤0.05 was required for significance.
Results
Two-way ANOVA indicated no significant difference between the animals exposed to ETM without pharmacological treatment (control group) for all measures assessed (p > 0.05), allowing the use of our results for the following analysis.
Experiment 1: Effects of histamine on memory consolidation during ETM escape task.
Two-way ANOVA indicated that there was no significant difference (F 4,47 = 1.714, p > 0.05) among the results obtained with histamine (2.72 nmol, 4.07 nmol, 6.8 nmol and 13.6 nmol/0.5 l) and saline (control group), suggesting that histamine did not affect memory consolidation at the doses used in this study (Fig. 1). 
Experiment 2:
Effects of histamine on memory consolidation during the ETM inhibitory avoidance task.
Analysis revealed a significant difference between the histamine (6.8 nmol) and saline groups (F 4,54 = 7.117, p < 0.0001). Duncan's test revealed a significant increase in latency on the second day for animals in the histamine compared to the control group receiving SAL (p = 0.000804). Additionally, there was a difference between histamine 6.8 nmol compared to all other groups (p < 0.05). This suggests that histamine facilitates inhibitory avoidance memory consolidation at a dose of 6.8 nmol (Fig. 2) .
The results of the open field test did not differ significantly among the groups (F 4106 = 0.3349, p > 0.05), suggesting that his- tamine administration 24 h before the test had no adverse effect on locomotion.
Discussion
Experiment 1 revealed no significant differences between the control and histamine groups in mouse escape behavior analyzed by ETM. The escape measured in ETM is an effective animal model of panic, as evidenced by the reduction in exit latency from the open arms following acute administration of benzodiazepines at non-sedative doses [31] . At all doses used in our study, there was a decline in the output latency from the open arm for both groups, suggesting no effect of the intracerebellar injection of histamine on the consolidation of emotional memory in mice under our experimental conditions.
These results agree with a study by Carvalho-Neto and Nunesde-Souza [32] . The authors comment that there is no significant difference in the latency to open arm exit over five exposures, suggesting that no habituation to open arm escape. Therefore, the latency open arm escape is not a useful parameter for the evaluation of unconditioned fear in mouse. Jardim et al. [33] observed that the latency to leave the open arm is similar to the latency to leave the enclosed arm (baseline latency), suggesting that the mice did not escape the open arm.
In the open field test, which we conducted immediately after the last exposure to ETM, there was no significant difference between the number of quadrants traversed and withdrawals for the animals in all groups evaluated. These results indicate that histamine microinjection in the cerebellar vermis of mice twenty-four hours before reexposure to the maze did not affect their locomotor activity.
In experiment 2, we evaluated inhibitory avoidance in the same apparatus using different animals. The results revealed an increase in the output latency to the enclosed arm 24 h after histamine administration in doses of 6.8 nmol/0.5 l compared to the control group, suggesting a facilitatory effect on the emotional memory of mice at this dose. Inhibitory avoidance was measured by the exit latency to the enclosed arm in ETM [28] ; we found that the animals avoided the open arms. When re-exposed in the apparatus 24 h after training, the increase in latency to leave the enclosed arm for one of the open arms suggests the consolidation of emotional memory [28] . During the training session on the first day, the animals learn to discriminate between the open arms and enclosed arms and to express their choice based on prior experience [24] .
Moreover, we found a decrease in the output latency to the enclosed arm on the second day following first exposure to the maze in mice of the control group. In the protocols used by Carvalho-Neto and Nunes-de-Souza [32] , the ETM was used to assess anxiety and memory in mice and to demonstrate the increased magnitude of the results when the apparatus had translucent walls compared with the opaque walls of the maze. They found that the latency to leave the closed arm gradually increased over the period of exposure, and the reduction in the latency to leave the open arm was important for demonstrating learning in an inhibitory avoidance test and escape, respectively. The same authors suggested that the increased number of exposures (i.e., five rather than three exposures) in the enclosed arm supports the acquisition of memory, while the escape group showed no difference between three or five exposures.
The facilitatory effect of histamine microinjection in the cerebellar vermis of mice in an inhibitory avoidance task was demonstrated by Gianlorenç o et al. [21] using the EPM. The response was a non-linear dose-effect curve inverted U, and pretreatment with the H 2 antagonist ranitidine abolished this effect, suggesting the involvement of cerebellar H 2 receptors in this response.
Our results have demonstrated that the cerebellar histaminergic system is involved in the process of memory consolidation differently when the emotional memory has an anxiety component or when it has a fear component [20, 21] . According to McNaughton and Corr [10] , there is a functional distinction between fear and anxiety, executed by two parallel neural systems: fear mostly controlled by periaqueductal gray, medial hypothalamus and amygdala, and anxiety by amygdala, septo-hippocampal system, posterior cingulate and prefrontal cortex [10] . Using the ETM, we aimed to evaluate both fear (escape behavior) and anxiety (inhibitory avoidance), and we suggest that histamine in the cerebellum play a role in emotional memory related to anxiety acting through the interconnections among the cerebellar vermis, amygdala and hippocampus.
Therefore, the exploratory behavior in species is more evident from the fear of the open arm in the ETM because mice exhibit more active exploratory behavior than other rodents. Panksepp [34] explains this behavior by theorizing that mice follow four basic survival instincts. According to the author, the animal can become extremely interested in exploring and/or fulfilling a certain task in a conflict situation. Coenen and Schlaepfer [35] note that the system not only responds to positive incentives but also to emotional conflicts in which animals need to seek solutions to a problem, such as risk assessment in open arm situations. Thus, we suggest using the apparatus as a potential method of evaluating hyperactivity in mice.
Conclusions
In short, the results of this study suggest that histamine facilitates the emotional memory of mice submitted to inhibitory avoidance tests in the ETM, but has no effect on emotional memory during escape behavior. We suggest using this apparatus to evaluate hyperactivity in mice.
